Functional polarization of T helper (Th) subsets of lymphocytes has been implicated in promoting or conferring risk to Type 1 diabetes mellitus (T1DM) development in human and diabetic animal models. It is assumed that an immoderate preponderance of type 1 immunity establishes the prerequisite for this development. Over the past years, various immune-intervention strategies have been tested to protect diabetic animals from developing overt diabetes. These protocols implicate a protective mechanism that is attributed to a change in the set of autoreactive Th cells from their Th1 to the Th2 phenotype. The studies were aimed at improving the effectiveness of Th2 cells to secrete the principal cytokines, IL-4 and IL-10, in order to mediate protection from diabetes in NOD mice. In contrast, some immune-modulation protocols utilizing non-specific reagents report that diabetes protection is apparently attributed to preferential survival of both Th1 and Th2 cells, rather than via a shift from their Th1 to Th2 phenotypes. Even though we know that excessive immune responses against self antigens are also controlled and terminated by regulatory T cells, this article focuses on the polarization of Th effector cells and discusses the controversial findings regarding the Th1/Th2 hypothesis to draw a conclusion on its relevance in T1DM from the existing knowledge.
Introduction
he mammalian immune system fights against infectious agents by generating humoral (antibody) and cellular immune responses. The cellular arm of this defense system is equipped with effector and regulatory functions mediated by T lymphocytes of the CD4 and CD8 subsets and their secreted cytokines. Cytokines are substances composed of proteins or peptides that function as important inflammatory mediators, growth factors and chemical information transmitters among immune cells for coordinating immune responses. Information transmission through cytokines is achieved by binding to receptors carried on the surface of immune cells. The identification of antigen-specific murine CD4 T cell clones that secret non-overlapping patterns of cytokines has led to the sub-classification of CD4 cells into T-helper 1 (Th1) and Th2 categories, with Th1 cells predominantly producing Interleukin-2 (IL-2), interferon-γ (IFN-γ) and tumor necrosis factor-β (TNF-β). Th2 cells release the principal cytokines that include IL-4, IL-5 and IL-10 [1, 2] . The assumed differences in the cytokine profiles of each Th cell subset are heavily based on experiments in animal models and in vitro studies. Following these earlier in vitro discoveries, the functional aspects of Th1 and Th2 subsets of CD4 cells have then been shown to exist in vivo in both mice and humans [3, 4] .
Antigen-specific Th1 and Th2 cells are derived from a naïve Th precursor (Thp) cell. Their differentiation is initiated via contact with an antigen-presenting cell (APC) that has taken up antigens, and present fragments of the respective antigen in association with membrane-bound major histocompatibility complex (MHC) class II molecules. Upon engagement of its T cell receptor (TCRαβ) with the antigenic peptide/MHC complex on the APC together with the required costimulation signal provided through ligation of its accessory molecules, such as CD28 with B7-1 and B7-2, Thp undergoes differentiation to become an uncommitted cell type designated as Th0 that produces IL-4 and IFN-γ [3, 5] . However, multiple cytokinesecreting activities of Th0 cells have been suggested to be attributed not to the clonal expansion of these cells but rather to a mixed population of differentiated Th cells that exhibit these capabilities [6] . For the Th0 cell, the cytokine environment around it then influences its development into either the Th1 or Th2 subset [3] ( Figure 1 ). This process of Th cell differentiation into the committed types of Th cells is called polarization.
Preferential exposure to IFN-γ, and other type 1 cytokines, such as IL-12 and TNF-α produced by phagocytic cells, induces APCs to release more IL-12, which in turn initiates further Th1 polarization by an autocrine loop, whereas IL-4 produced by activated Th2 cells and mast cells directs polarized Th0 development into the Th2 type. Effector Th2 cells regulate the functions of other cell types, which include the help to antigen-specific B cells to produce antibodies (IgE) and to modulate the activities of mast cells and eosinophils. In contrast, by releasing IL-10, Th2 cells can also downregulate the production of IFN-γ by Th1 cells. In turn, the proliferation of Th2 cells may be inhibited by IFN-γ secreted by Th1 cells (Figure 1 ). Cytokines produced by Th1 and Th2 cells are thus antagonistic to each other.
After an effective response to foreign antigens the immune system normally returns to a state of rest, such that the number and functional status of the antigen-specific Th1 and Th2 cells are reset to approximately the preimmunization state. This process of immune balance maintenance is termed homeostasis [7] . In case of immune overreaction of T cells directed against self antigens, such as in T1DM, it is assumed that an imbalance in Th1/Th2 homeostasis contributes to the onset and progression of the disease [8, 9] . However, the Th1/Th2 hypotheses have been criticized, as increasing evidence has emerged that the interrelations of immune-responsible cells and the associated immunomodulatory molecules are far more complicated and interlocked than expressed by these simplistic stereotypes [10] .
The relevance of the Th1/Th2 balance in T1DM
T1DM is an organ-specific autoimmune disease manifested by extensive T cell-mediated damage of pancreatic islet β-cells. Diseased pancreases of diabetic patients at the time of diagnosis are infiltrated by T lymphocytes of both CD4 and CD8 subsets [11, 12] . Within the roles of these cells in T1DM development, polarization of the Th cell-secreted cytokines has been suggested to contribute to disease development. In this regard, observation has been made from a few studies in human diabetics at disease onset that gross impairment of their Th2 function exists since their peripheral blood mononuclear cells (PBMC) produced decreased IL-4 levels in response to polyclonal activators, such as phytohemagglutinin and anti-CD3 antibodies [13] . The cytokine production capability of Th2 cells, which infiltrate the pancreas of diabetic patients, appears to be impaired as judged by the secretion of either IL-4 or IL-10. [14] . According to studies conducted in prediabetic patients involving high-risk first-degree relatives of diabetic children and recently diagnosed T1DM children, cellular responses against the islet cell antigen glutamic acid decarboxylase 65 (GAD65) are apparently deviated towards the Th1 phenotype [15, 16] . Studies conducted in different diabetic animal models have similarly demonstrated that autoreactive CD4 and CD8 participated in T1DM development [17] [18] [19] . Evidence that polarized Th function correlates with disease development has been reported in diabetes-prone NOD mice and BioBreeding (BB) rats [20] [21] [22] . A higher IFN-γ/IL-4 ratio is found to correlate with destructive insulitis, while a low ratio has been associated with non-destructive insulitis [23] . Recently, it has been demonstrated that the imbalance in Th1 and Th2 cytokine secretion actually contributes to the gender difference in T1DM development in NOD mice. T cells from disease-susceptible young female mice produce more IFN-γ (Th1) whilst those T cells from disease-resistant young male animals exhibit higher IL-4-secreting activity (Th2) [24] .
Pancreatic Th1 vs. Th2 cytokine environment in T1DM development
Human pancreatic islet cells have been reported to exhibit differential responses upon exposure to Th1 and Th2 cytokines. In the presence of the principal Th1 cytokine, IFN-γ, human islet cells are found to release an increased level of nitric oxide [25] , a reactive oxygen species (ROS) that can impair insulin secretion and cause β-cell dysfunction by antioxidant depletion of tissue cells during pancreatic inflammation [26] . ROS production in turn may also have a significant effect on macrophage vitality and function [27] . Murata and co-workers found that macrophages can directly induce polarization towards type 1 or 2 immunity by interacting as APCs with Th cells in response to their antioxidant level as judged by their inherent level of oxidized glutathione [28] . Macrophages with most of their glutathione in non-oxidized form tend to promote Th1 development, while those with more oxidized glutathione content preferentially set the Th cell to differentiate along the Th2 pathway [28] .
To exploit the cytokine-created autocrine loop in Th2 cell polarization, several studies have been carried out in murine models to create a Th2 cytokineenriched environment to halt T1DM development. Administration of exogenous IL-10 offers disease protection in NOD mice [29] . Interestingly, the source of IL-10 production has been reported to lead to different outcomes in disease development. Constitutive expression of the IL-10 transgene by pancreatic islet α-and β-cells as a means to create an IL-10-enriched environment in order to increase the differentiation of Th2 cells in the organ promoted accelerated inflammation and diabetes development [30, 31] . In another experimental set up, the IL-10 transgene was allowed to be expressed in Th2 cells under the control of the IL-4-specific transcription factor c-Maf, such that the cytokine is released only when the Th2 cells become activated. It turned out that IL-10-dependent induced inflammation of the pancreas was not found in the IL-10.NOD mice. On the other hand, IL-10 production alone by pancreatic Th2 cells has been noted to be ineffective in providing significant protection against T1DM onset in these animals [32] .
The role of IL-4 in T1DM development has been the subject of extensive investigations. Similar to the exogenous administration of IL-10, IL-4 injection is reported to be capable of halting T1DM progression in NOD mice [33, 34] . Unlike the phenomenon observed in pancreatic IL-10-expressing transgenic mice, a constitutive release of IL-4 from pancreatic β-cells is able to prevent insulitis development in NOD-IL-4 transgenic mice [35] . A subsequent study demonstrated that this phenomenon was attributed to pancreas-infiltrated GAD65-specific Th2 cells that have acquired an enhanced capability to downregulate the diabetogenic activity of Th1 cells [36] . Interestingly, regulated IL-4 release by Th2 cells under the control of c-Maf has not been shown to be effective in protecting NOD mice from developing diabetes, despite being capable of halting disease progression in the Ins-HA/TCR-SFE and RIP-LCMV-NP diabetic mouse models [37] .
Th1 to Th2 shift as an immune-intervention strategy for T1DM treatment?
Various immunomodulation protocols have shown effectivity in the treatment of T1DM in animal models. They involved immunosuppression by the administration of antilymphocyte serum, cyclosporine, and monoclonal antibodies to T cells [38] , as well as the modulation of immune pathways by the application of non-specific immunostimulants [39, 40] and designed epitopes aimed at the tolerization of autoreactive T cells [41] . For the non-specific immunotherapeutic approaches, protective mechanisms can be attributed to the induction of Th2 cells that suppress autoreactive Th1 cells, possibly through a Th1 to Th2 shift mechanism. With respect to the T cell pool in the NOD mice, it is interesting to note that CD4 and CD8 cells of the animals have been reported to display resistance to activation-induced cell death (ACID) [42] . A more recent study showed that CD4 cells in NOD mice required a much higher threshold of stimulation through TCR signaling to undergo multiple cycles of cell division needed to differentiate into mature T cells before they die by ACID [43] . Depending on the immunostimulants that were used to induce a non-specific immunomodulation, protection against diabetes development in NOD mice could apparently be attributed to preferential ACID of autoreactive Th1 cells rather than through a Th1 to Th2 phenotype shift of the autoreactive T cells. In this light, existing islet Th2 cells may be able to mediate prevention of T1DM by downregulating surviving diabetogenic Th1 cells [44] .
Conclusion
The Th1/Th2 hypothesis continues to be an attractive model to explain risk and show resistance to autoimmune diabetes development in both human and diabetic animal models. It appears to be important to establish the Th2 cytokine environment that is needed in the pancreas to deviate the diabetogenic function mediated by autoreactive Th1 cells to their protective Th2 phenotype. In this context, it is interesting that different cellular sources of the principal cytokines secreted by pancreatic islet and Th2 cells could generate different outcomes in protecting NOD mice from developing their spontaneous diabetes. Recent understanding in cell biology of CD4 cell subsets, and studies conducted in the NOD mice, have suggested that autoreactive Th1 and Th2 cells exhibit differential requirements for their activation, cell cycle progression to attain maturity, and subsequently die by ACID or switch to become memory cells. These observations have generated new interpretations for protection that is seen with immune-intervention protocols in diabetic animal models using non-specific immunostimulants.
This knowledge may open up to the development of other novel immune-modulatory regimens for the future treatment of T1DM.
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